Abstract. In this work, the applicability of the circular statistics to feature extraction on seismic signals is presented. The seismic signals are captured from Llaima Volcano, located in Southern Andes Volcanic Zone at 38
Introduction
An adequate study of the activity of an active volcano requires the use of indirect methods for evaluating information related to the dynamics of magma [1] . The scientific literature has shown that volcanic activity can generate a wide range of seismic signals [2] . The study of the waveforms of these signals differentiate the various types of source mechanisms of earthquakes [3] . Until the late twentieth century, most studies were restricted to the spectral analysis and its variation over time. Today, new processing techniques are being incorporated into the analysis, in an attempt to automate the identification of the most important patterns of seismic signals. The main structure used to classify them considers a preprocessing stage and a classification stage.
The first one depurates the signals and performs its spectrum, amplitude (energy) and waveform feature extraction [4] . [5] proposed a linear predictive coding to extract spectral features and a parameterizations of the signal to extract information about the waveform. In [6] autocorrelation functions obtained by the FFT represent the spectral content and the short-term average to long-term average ratio (LTA/STA) relationship is used to distinguish between peaks and signals of long duration, often with similar spectral content. Some studies incorporate many frequency, amplitude and waveform features and use genetic algorithms to search a representative feature subset that improves the classifier performance [7, 4] . Other methods are the wavelet transform [8, 9] , cross correlation methods [10] and hidden Markov models [11] .
As seismic signals are inherently nonlinear and nonstationary [12] techniques such as artificial neural networks (ANN) [13] are being incorporated to perform classification. In many works, ANNs have outperformed traditional methods of analysis. ANN were used to predict the evolution of the seismicity of the Vesuvius, Campi Flegrei, Etna and Hawaii volcanoes [14] or to discriminate between local earthquakes and other Mt Vesuvius volcanic signals [5] and also for classifying transient signals representative of the Montserrat Volcano [6] . Some studies show that support vector machines (SVM) [15] have performed better than ANN [16] . [17] used spectral characteristics of four types of tremor of the Etna volcano and conducted a comparative study in which the SVM outperformed the ANN. [18] obtained the same result to classify three different seismic events of the Stromboli volcano.
It should be noted in the previous studies that the methods of analysis are difficult to generalize and every work is specialized in a certain type of patterns related to specific volcanoes. In this paper, we consider the Llaima Volcano, located in Southern Andes Volcanic Zone at 38
• 40'S 71
• 40'W, at Chile. In particular, the applicability of circular statistics as feature extraction is studied. This kind of signal processing technique has received little attention in the literature maybe due to the representability of the original signal by the instantaneous phase, estimated by the use of Hilbert transform. Here, a feature vectors based on circular summary statistics taken from the instantaneous phase of the seismic signals, and the mean energy of the wavelet coefficients are used to distinguish among different seismic event. In this work, we address discrimination among long period events (LP) and volcano tectonic (VT) earthquakes from three components of Llaima volcano. This paper has been organized as follow. In section 2 the Llaima volcano description is introduced. In section 3, mathematical concepts and their application to seismic signal are presented. In section 4, feature extraction proposed method applied to real data is shown. Finally, the conclusion and future work are presented in section 5.
Volcano Monitoring
Llaima volcano is located in Southern Andes Volcanic Zone at 38
• 40'S 71 
Seismic Signals
Volcanic activity generates seismic events whose name and nature are common to all of them. However each volcano has its own seismic activity, that is, the characteristics of the events are particular. In this paper, we address discrimination among long period events (LP) and volcano tectonic (VT) earthquakes from three components of Llaima volcano. The data used have been collected using a three-component wide-band seismic sensor located in south-western of the Llaima volcano (Lave station), around 7.4 km from the vent. The seismometric used is the Oyogeospace SEIS-Monitor. The Lave station operates in continuous registration mode with 16 bit at 50 sample per second. All the events have been classified by an expert of OVDAS.
VT event is an earthquake originated in the center of a volcano. The VT event is associated to the fracture of solid of the volcano or the conduits of fluid ascent. The temporal signal present high amplitude with exponential decay with a lower time duration than LP event. In frequency domain, the VT signals presents a component higher that 8 Hz initially, but the most important range corresponds to the 6 -8 Hz. In Llaima volcano they are very important because they are present in volcanic eruptions principally. Due to this, the amount of VT events is lower than LP, and in our database we have only 85 samples of VT events. The principal disadvantage in VT detection is the low possibility of being identified due to the presence of other events or noise.
LP events are very important to be detected because the type of LP allows identifying particular families of seismic signals which allow to know more precisely what is happening inside the volcano structure. The principal characteristic of an LP event is the high energy located in low frequency, typically below 3 Hz. From this characteristic intuitively it is possible to obtain this feature using a bandpass filter in order to estimate the energy in this frequency range.
In order to identify LP and VT events we built a pattern with two features based on circular statistic and wavelet transform applied to the seismic signal. In the next section we show in detail the procedure to obtain each feature.
Mathematical Background
In this section we briefly review the statistics moments of circularly distributed signals, wavelet transform and their applications to real seismic data.
The Analytic Signal
In order to obtain the analytic signal from sampled real data, the Hilbert transform [19] is used. The analytic signal represent all real-valuated signals as complex signals, which turn out to have especially attractive properties for signal processing. Let x(t) be a signal in the time domain t. The analytic signal x a (t) is given by:
where H{x}(t) is the Hilbert transform of x(t) given by [20] :
where H is the Hilbert transform operator. Because of the pole at t = τ , the Cauchy principal value p.v. of the integral is used. The analytic signal of (1) can be expressed in the form:
where ψ(t) = |x a (t)| is the amplitude envelope and θ(t) = arg(x a (t)), the instantaneous phase of the signal x(t), with θ(t) ∈ [0, 2π). Thus, from this analytic signal, it is possible to define in a unique way the concepts of instantaneous amplitude and instantaneous phase.
Circular Statistics
The key assumption of this work is representing the seismic signals by features extracted from their random circular variables. Circular statistics is similar to linear statistics [21] , but in this case, sample trigonometric moments of a random circular variable are estimated from a wellknown probability density function. Let Θ = {θ n } be a set of instantaneous phase values, where n = 1, ..., N , then the p th -order sample trigonometric moment is given by:
As with linear statistics, measures of spread and symmetry, i.e., variance and skewness, can be defined in terms of sample trigonometric moments. Then, the sample circular variance of the data set Θ is defined as:
The sample circular skewness is defined as:
where arg(μ p ) denotes the angle of the (complex valued) p th -order sample trigonometric moment (p = 1, 2),and σ 2 is as defined in (5). Circular kurtosis, a measure of peakedness in the circular density, can also be defined with sample trigonometric moments as folows:
A comprehensive description of trigonometric moments and other statistics for circular data can be found in [22] .
Wavelet Transform
Briefly, the discrete WT can reconstruct any signal x(t) by the formula:
where
is the wavelet function and a and b are the scale and shift parameters respectively. The wavelet coefficients are given by < x, ψ m,n > and the multi resolution decomposition is obtained when a = 2 and b = 1. In this case we have an orthogonal decomposition. Two sequences exist that satisfies:
where h n and g n are the low and high pass filters with 0.25 cutoff frequency when 1 is the sampling rate. Then, the approximation an detail wavelet coefficients for the level k with sampling rate of 2 −k are respectively:
that can be calculated using (9) and (10) . In our case, the wavelet filter used corresponds to the Daubechies with 10 taps, the sampling rate is 50 samples per second, and the detail for k = 4 corresponds to the frequency range of interest, i.e., between 1.55 and 3.11 Hz. Calculating the power of this coefficient, the mean energy in this band is obtained in the form:
By the use of multi resolution analysis [23] is possible to obtain a band pass component and then, obtain the energy over the wavelet coefficient in the corresponding level.
Results
Real A sample corresponds to data interval of 1 minute of registered data non-continuous between intervals captured from the vertical, north-south, and east-west components denoted as Z, N-S, and E-W, respectively. The data has been labeled by expert from OVDAS. In this database, only LP and VT events are presented. For each segment a pattern x is built using equation (4) and (13) forming the pattern x = (u 1 , E). Then, the database contains the 404 values x 1 , ..., x 404 for LP, 404 for no-events and 85 for VT events. In this case, only the Z component is considered. In Fig. 2 we illustrate the scatter plot for all data set for LP, VT and no-event patterns. Clearly, the VT events present a separation from LP events and no-events signals considering only the first circular moment. As a preliminary approach to the classification problem and based on the distribution of the classes shown in Fig. 2 , a linear classifier was designed. Its performance reached 100% for VT identification and more than 90% for LP identification. More sophisticated classifiers will be evaluated during the research ongoing.
The discrimination between LP and no-events is given only by wavelet energy. But it is possible to include the first circular moment in order to improve the performance of the classifier. Table 1 presents the results using only wavelet energy and the incorporation of the first circular moment in three components. 
Conclusions and Future Work
In this paper we applied the circular statistic as a feature extraction technique to the seismic signal of the Llaima volcano. This implies that the instantaneous phase of seismic signal can be considered as circular random variable in the [0, 2π) range. The first circular moment allows discriminating clearly the VT events from others with a high performance. For the case of LP events, a combination between energy located between 1.55 and 3.11 Hz is improved when the first circular moment is added. In fact, the correct identification increase from 86.96% to 92.54%. Future work include more extensive tests with a larger database, the evaluation of this feature extraction process to on line operation and to evaluate other classifier using neural networks among others.
